Urodele newts have unique biological properties, notably including prominent regeneration ability. The Iberian ribbed newt, Pleurodeles waltl, is a promising model amphibian distinguished by ease of breeding and efficient transgenic and genome editing methods. However, limited genetic information is available for P. waltl. We conducted an intensive transcriptome analysis of P. waltl using RNA-sequencing to build and annotate gene models. We generated 1.2 billion Illumina reads from a wide variety of samples across 12 different tissues/organs, unfertilized egg, and embryos at eight different developmental stages. These reads were assembled into 1,395,387 contigs, from which 202,788 non-redundant ORF models were constructed. The set is expected to cover a large fraction of P. waltl protein-coding genes, as confirmed by BUSCO analysis, where 98% of universal single-copy orthologs were identified. Ortholog analyses revealed the gene repertoire evolution of urodele amphibians. Using the gene set as a reference, gene network analysis identified regeneration-, developmental-stage-, and tissue-specific co-expressed gene modules. Our transcriptome resource is expected to enhance future research employing this emerging model animal for regeneration research as well as for investigations in other areas including developmental biology, stem cell biology, and cancer research. These data are available via our portal website, iNewt (http://www.nibb.ac.jp/imori/main/).
Introduction
Urodele amphibian newts have an outstanding history as model organisms in experimental biology. The 'Spemann organizer' was discovered using European newts, Triturus cristatus and T. taeniatus.
1 'Wolffian lens regeneration' was discovered using these species, 2 and Eguchi et al., subsequently demonstrated transdifferentiation of pigment epithelial cells to lens cells by clonal cell culture using the Japanese common newt, Cynops pyrrhogaster. 3 Newts have provided the clearest examples of natural reprogramming events in the process of lens regeneration, facilitating the study of mechanisms of cellular reprogramming. [4] [5] [6] [7] [8] Additionally, experiments with newts have yielded a great deal of knowledge about the regeneration of various tissues and organs, including limb, 9 joint, 10 heart, 11 jaw, 12 retina, 13, 14 brain, [15] [16] [17] spinal cord, 18 intestine, 19 testis, 20, 21 and lung. 22 Among vertebrates, only newts are known to be capable of regenerating all of the above-mentioned organs and body parts. Furthermore, comparative studies of regeneration ability in newts and frogs have provided new insights for future regenerative medicine, given that frogs (like mammals) lose the ability to regenerate various tissues and organs after metamorphosis. 10, 12, 23, 24 Newts also have been employed in research other than that on regeneration, reflecting these animals' unique biological properties. The genome sizes of newt species are 8-10 times larger (e.g. Axolotl Ambystoma mexicanum: 32 Gb) than the human genome (3 Gb). [24] [25] [26] Newts are tumour-resistant, despite having a long lifetime. 27, 28 Newt eggs are fertilized via physiological polyspermy. 29 Male newts can form new testes even after sexual maturation. 30 Moreover, the mating behaviour of newts is mediated by sexual pheromones. 31, 32 Furthermore, several groups have shown the utility of newts for the toxicity testing of chemical compounds. [33] [34] [35] Indeed, aquatic tetrapods like newts can serve as important indicators of the influence of chemical compounds on the environment. 36 Therefore, newts are versatile model animals that can be used in various fields of research, including regeneration, stem cell biology, cancer research, developmental biology, reproductive biology, evolution, ethology, and toxico-genomics. Although these properties make newts attractive model animals, the newt species that have been used (e.g. the American common newt, Notophthalmus viridescens, and the Japanese common newt, C. pyrrhogaster) in classic experiments are not suitable for reverse or molecular genetics because of the difficulty of breeding these species in captivity. For example, Japanese common newts spawn seasonally, and each female spawns only a small number of eggs per cycle. 37, 38 Under typical conditions, three or more years can be required for sexual maturation. Several different newt species have been used for studies performed across different laboratories, countries, and continents, making it difficult for members of this research community to share resources and expertise. In fact, it is estimated that the American common newt and the Japanese common newt diverged 150 million years ago, 39 an evolutionary distance that results in substantial differences between the two species. 24 The Iberian ribbed newt (Pleurodeles waltl) is an emerging model newt. 24, 40 In contrast to conventional newt species, P. waltl has high fecundity and is easy to maintain in the laboratory. P. waltl newts have a relatively short generation time, and females of this species spawn a large number of eggs all year around in the laboratory compared with the conventional newts (e.g. C. pyrrhogaster). Using P. waltl newts, we have established a model experimental system that is amenable to molecular genetics. 40 Notably, efficient genome editing was recently demonstrated in P. waltl. 41, 42 Despite the availability of these tools, limited genetic information is available for this species. Recently, Elewa et al. reported a draft sequence for the P. waltl genome, which is 20 Gb in size, along with the corresponding transcriptome. 24 These data provided pioneering resources for the P. waltl newt research field. However, assembly data or gene models are not publicly available for this species; there remains a popular demand for a reference gene catalogue that can be openly shared among researchers who are interested in this emerging model newt.
In the present study, we sought to create a reference set of comprehensive gene models for P. waltl. To that end, we prepared 29 libraries of mRNA from various tissues and embryonic stages of P. waltl and subjected the libraries to RNA-seq. We combined the resulting >1.2 billion reads and assembled these reads. This assembly yielded 1,395,387 contigs and permitted the annotation of 202,788 predicted ORFs. Using these data, we built a reference set of gene models of P. waltl providing good coverage of P. waltl proteincoding genes. Moreover, we demonstrated that the expression patterns of regeneration-, developmental stage-, and tissue-specific genes could be analysed using our gene model and transcriptome data sets. Furthermore, we have established a portal website that provides the research community with access to our data sets.
Materials and Methods

Animals
The P. waltl newts used in this study originated from a breeding colony at Tottori University. The animals were maintained as described previously. 40 The developmental stages (St) were categorized according to criteria described by Shi and Boucaut. 43 To isolate organs or perform surgical operations for limb and heart regeneration, embryos and adults were anaesthetized/euthanized by immersion in 0.01-0.2% MS-222 (tricaine; Sigma-Aldrich, MO). All procedures were carried out in accordance with Institutional Animal Care and Use Committee of the respective institutes and with the national guidelines of the Ministry of Education, Culture, Sports, Science & Technology of Japan.
RNA preparation, library construction, and RNA sequencing
Sequence data collection was performed in five laboratories. We here describe a representative workflow used in preparing the libraries from gonadal tissues and unfertilized eggs. Minor modifications were made for the other libraries (see Supplementary Table S1 for details). Total RNA was extracted using the TRIzol reagent (ThermoFisher, Waltham, MA.) and purified by NucleoSpin kits (Takara Bio, Siga, Japan), following the respective manufacturer's instructions. Sequencing libraries were generated using TruSeq Stranded mRNA Sample Preparation kit (Illumina) starting from 1.0 lg total RNA for each sample, according to manufacturer's protocol (Low Throughput Protocol) with minor modifications: RNA fragmentation was conducted for 4 min instead of 8 min at 94 C and the number of PCR cycles was reduced to seven to minimize PCR biases. In total, eight multiplexed libraries were sequenced per lane using a Hiseq1500 system (Illumina) with 106-bp paired-end readings in the RapidRun mode.
Assembly and ORF prediction
All sequenced reads were employed for de novo assembly using the Trinity program ver. 2.4.0 44 under default parameter settings; the trimming option was performed using the trimmomatic software. 45 Assembled contigs were processed using the TransDecoder program ver. 3.0.1 46 to predict open reading frames (ORFs) and amino acid sequences; the parameter of 'minimum protein length' was set to 50 amino acids (default: 100) to preclude overlooking short-length proteins such as neuropeptides and antimicrobial peptides. We also used the BLASTP and Pfam options in the TransDecoder ORF prediction. Redundant ORFs were filtered using the CD-HIT program. 47 The quality of the assembly was evaluated using the BUSCO program ver. 2 48 to compare the newt transcriptome assembly against a corevertebrate gene (CVG) data set 49 and a vertebrate data set (Vertebrata_odb9).
Gene annotation and ortholog analysis
We searched predicted amino acid sequences derived from the newt transcriptome for homologs of previously published protein sequences using a BLASTP search against the NCBI non-redundant database (nr DB) (parameters: BLASTþ ver. 2.6.0; the nr DB was the latest version as of 23 November 2017). Gene ontology (GO) terms for each sequence were also annotated using the BLAST2GO program (Version 4.1.9) with the NCBI nr DB. 50 To identify orthologs of each P. waltl protein-coding gene, orthologous groups within vertebrates were inferred using the OrthoFinder2 program (version 2.0.0). 51 We carried out two different orthologous clustering analyses. First, we compared P. waltl proteomes with those of nine other The developmental stages were categorized according to criteria described by Shi and Boucaut. 43 #, paired end.
vertebrates: green anole (Anolis carolinensis), zebrafish (Danio rerio), chicken (Gallus gallus), human (Homo sapiens), coelacanth (Latimeria chalumnae), mouse (Mus musculus), Chinese softshell turtle (Pelodiscus sinensis), African clawed frog (Xenopus laevis), and western clawed frog (X. tropicalis). All of the protein sequences were downloaded from OrthoDB ver. 9.1, except that the X. laevis sequences were obtained from Xenbase ver. 9.1 (http://www.xen base.org/other/static/ftpDatafiles.jsp). Second, we performed a pairwise comparison between the P. waltl and axolotl (Ambystoma mexicanum) transcriptomes. 52 
Expression and network analysis
We quantified expression of each gene in each sample by mapping to the reference transcript database that was created by the de novo assembly (see above). The kallisto program v0.43.1 with 100 bootstrap replicates was used for quantifying abundance of the transcripts. 53 The read count data were normalized by the trimmed mean M values (TMM) method available in the edgeR software package of R language software (version 3.12.1). 54 After TMM normalization, we estimated the Reads Per Kilobase of exon per Million mapped reads (RPKM) value of each gene. We used the RPKM values for the gene network analysis. To visualize profiles of gene expressions, a multidimensional scaling (MDS) plot was generated using the edgeR software package.
To detect modules of co-expressed genes from the transcriptome data, Weighted Gene Correlation Network Analysis (WGCNA) was applied. Normalized RPKM data were used for this analysis, implemented in the WGCNA library (version 1.66) 55 of R language. Genes expressed at low levels, and genes with low expression variance across the libraries, were filtered out; the 16,367 surviving gene models were used in the WGCNA analysis. A signed network was constructed in WGCNA with specific parameter settings of power = 8, networkType = 'signed', TOMType = 'unsigned', and minModuleSize = 30.
Identification of bmp2/4/16
To identify P. waltl bmp genes and infer phylogeny of this gene family among vertebrates, the corresponding predicted protein sequences were used to search the genome database as described below. We searched the Ensembl database version 91 56 to identify bmp2/4/16 homologs in eight vertebrate species, including A. carolinensis, D. rerio, G. gallus, H. sapiens, L. chalumnae, M. musculus, Oryzias latipes, and Takifugu rubripes; the X. tropicalis ver. 9.1 gene model in the Xenbase also was searched. 57 Additionally, we searched three independent amphibianspecific data sets that were described in previous reports, including those for Nanorana parkeri, 58 A. mexicanum, 52 and C. pyrrhogaster. Homologous sequences encoded by bmp2/4/16 genes were aligned using the MUSCLE algorithm with default settings in the MEGA7 software (see Supplementary Data S1). 60, 61 A phylogenetic tree was constructed using the maximum-likelihood (ML) analysis implemented in MEGA7 with the JTT model and gamma distribution. Bootstrap probabilities were computed using 1,000 replicates.
Results and Discussion
Collection and preparation of material
We sought to create a comprehensive transcriptome reference covering the P. waltl gene repertoire, in the hope that the resulting database will be useful for various subsequent studies. Therefore, we collected RNA samples from a wide variety of tissues and developmental stages (and Table 1 ). The 29 resulting libraries were derived from 12 different normal tissues (heart, limb, tail, brain, kidney, liver, pancreas, intestine, testicular connective tissue, testicular gland, testis, and ovary) and two regenerating tissues (heart and limb) of adult newts, and from whole embryos at each of nine time points from early to late developmental stages (unfertilized egg and stages 7-7.5, 8b, 11, 12, 15, 18, 25, and 30).
Sequencing and de novo assembly of transcriptome
We sequenced the 29 libraries, each of which yielded 24 million to 65 million paired-end reads of 100 to 125 bases each, totalling >1.2 billion reads. To build a reference P. waltl transcriptome, cleaned reads from all of these libraries were assembled together using Trinity, yielding 1,395,387 contigs with an average length and N 50 of 700.56 and 1,490 bp, respectively (Table 2 and Supplementary  Table S2) . From these contigs, we predicted 202,788 non-redundant ORFs, ranging from 147 to 73,080 bp with an N 50 of 591 bp (Table 2 and Supplementary Table S2 ). The ORF set was designated PLEWA04_ORF and used as a reference P. waltl coding-sequence catalogue for downstream analysis.
We evaluated the completeness of our transcriptome by comparison (via the BUSCO program) with two different datasets (CVG and Vertebrata_odb9). The CVG data consists of 233 genes that are shared as one-to-one orthologs among 29 representative vertebrate genomes and are widely used for phylogenomic studies. 39 We found that our P. waltl transcriptome covered all 233 CVG genes, indicating that we successfully reconstructed most of the proteincoding gene sequences in this species. In addition, our P. waltl transcriptome corresponded to 98% of the Vertebrata_odb9 gene set. We compared our result with earlier urodele transcriptome studies. Previous P. waltl and A. mexicanum transcriptomes covered 82% and 88% of the Vertebrata_odb9 data, respectively. 24, 52 Thus, our P. waltl transcriptome data significantly enhanced the gene space of urodeles, attaining a near-complete gene repertoire.
Gene annotation and ortholog analysis
All translated sequences of PLEWA04_ORF were compared with the NCBI non-redundant protein database (nr DB) using BLASTP. Among the 202,788 ORFs identified in our DB, 121,837 genes (60.1%) encoded proteins exhibiting sequence similarity to proteins in the NCBI nr DB (Supplementary Data S2). The two mostfrequent BLASTP top-hit species corresponded to clawed frogs (X. tropicalis and X. laevis), followed by coelacanth (L. chalumnae) and turtles (C. picta, P. sinensis, and C. mydas) (Table 3) , which reasonably reflects the phylogenetic position of P. waltl among these species. We used InterProScan to query the predicted coding regions for known functional domains. We identified 90,471 Pfam motifs (Supplementary Data S3) in the products of 55,075 P. waltl gene models. In addition, 814,803 GO terms were assigned to 86,516 genes (42.7%) (Supplementary Data S4) .
To understand gene repertoire evolution in the P. waltl proteome, we generated clusters of orthologous and paralogous gene families comparing the P. waltl proteome with those of nine other vertebrates ( Table 4 ). The OrthoFinder program identified 18,559 orthogroups consisting of 215,304 genes. The P. waltl gene models were clustered into 15,923 orthogroups, among which 13,283 and 14,183 groups were shared with H. sapiens and X. laevis, respectively (Table 4 and Fig. 2) . We found 660 orthologous groups, consisting of 2,958 gene models that are unique to P. waltl; these loci presumably represent evolutionarily young genes that have undergone considerable divergence following gene duplications. These lineage-specific genes might account for the traits unique to P. waltl. Additionally, we found 784 orthologous groups that are shared only among amphibians (P. waltl, and X. tropicalis).
Axolotl is another model salamander that belongs to a different family (within the order Urodeles) from that of P. waltl. We compared our P. waltl transcriptome with that of axolotl and identified 22,907 orthologous groups from the pairwise comparison. These two species shared 22,307 orthologous groups, while retaining 321 and 279 species-specific groups, respectively ( Supplementary Fig. S1 ). In both organisms, these species-specific groups often contained LINE elements. Previous reports have shown that LINE elements are abundant in urodele amphibian genomes. 24, 26, 62 Genes containing LINE elements may have evolved more rapidly, accumulating lineage-specific mutations as a result of retrotransposition events.
Gene co-expression pattern analysis
We quantified gene expression and profiled the expression patterns across all of the samples examined. A MDS plot of the 29 samples was used to depict the transcriptome similarities among the samples (Fig. 3) . Samples derived from differentiated tissues/organs of adults (red dots in Fig. 3 ) yielded transcriptomes that were clearly distinct from those of samples from developing embryos (blue dots in Fig. 3 ). Samples at similar developmental stages clustered closer to each other than to those of differentiated tissues/organs; samples derived from the amputation experiments clustered on the MDS plot based on the amputated tissue. Notably, directional distances on the dimension-2 axis indicated a continuum in the direction of changes that was consistent with developmental progression. Specifically, the embryonic samples were clearly ordered along the dimension-2 axis from unfertilized egg to gastrula (St 7-12), neurula (St 15-18), and tailbud stage (St 25-28), implying that gene expression gradually changes with progression during embryogenesis.
To understand the co-expression relationships between genes at a systems level, we performed WGCNA. This unsupervised and unbiased analysis identified distinct co-expression modules corresponding to clusters of correlated transcripts (Fig. 4) . WGCNA identified 19 co-expressed modules from the expression data spanning 29 samples; each module contained 58 to 3,585 co-expressed genes (Fig. 5) . Each module represents genes with highly correlated expression profiles, either in a single tissue or in a narrow window of developmental stages. Out of 19 modules, 11 represent a tissue-specific pattern in the adult tissues: the modules indicated by different colours represent different tissues (green, lightgreen, tan, light yellow, black, pink, red, grey60, purple, blue, and brown for heart-, tail-, brain-, kidney-, liver-, pancreas-, intestine-, testicular connective tissue-, testicular gland-, adult testis-, and ovary-specific expression patterns, respectively) (Fig. 5A) . Four modules were embryonic (Fig. 5B) . The turquoise module was composed of 3,585 genes whose expression was observed only in unfertilized eggs, representing maternal transcripts that functioned in the early stages during P. waltl embryogenesis. Indeed, some genes such as those encoding dazlike protein (M0089929_PLEWA04), ddx25 (Dead south) (M0209664_PLEWA04), and nanos1 (M0208351_PLEWA04), which are known to be expressed maternally in Xenopus or other amphibians, are included in the turquoise module. 63, 64 On the other hand, modules indicated in cyan, yellow, and midnightblue exhibit zygotic expression after the mid-blastula transition (MBT; St 6-7), representing a progressive pattern showing peaks at St 8b-12 (early), St 15-18 (middle), and St 30 (late), respectively. In the regeneration experiments, limb-enriched genes were clustered into three modules based on a pattern corresponding to the responsiveness to amputation treatment: genes designated in greenyellow, magenta, and lightcyan showed peaks at 0-, 3-, and 19-day post-amputation (dpa), respectively (Fig. 5C ).
Major signalling pathways
Cell signalling pathways are essential for embryogenesis and organogenesis and are highly conserved in vertebrates. We inspected the gene repertoire of major signal-factor encoding genes and analysed the corresponding expression patterns at the various developmental stages. Specifically, the following genes (or gene families) were surveyed: wingless-type MMTV integration site (wnt) family ( Supplementary Fig. S2A ), fibroblast growth factor (fgf) (Supplementary Fig. S2B ), hedgehog (hh) (Supplementary Fig. S2C ), transforming growth factor-beta (tgf-beta) ( Supplementary Fig.  S2D ), and insulin-like growth factor binding protein (igfbp) (Supplementary Fig. S2E ). This analysis demonstrated that the repertoire of signalling genes of P. waltl is typical for vertebrates, but we found a few cases of urodele amphibian-specific gene duplications and potential losses.
The wnt gene family set is conserved in P. waltl as in other vertebrates. However, we detected two additional paralogous genes encoding Wnt ligands, wnt11b and wnt7-like ( Supplementary Fig.  S2A) ; we postulate that these additional loci were generated by duplication in the lineage leading to P. waltl. In vertebrates, six highly conserved igfbp family genes are typically observed, and P. waltl has all six igfbp orthologous genes ( Supplementary Fig. S2E ), while Xenopus lacks igfbp3 and igfbp6 orthologs. 65 Orthologs of bmp2 and bmp16 were identified in the transcriptome of P. waltl, while the bmp4 ortholog was not found. Furthermore, no orthologs of bmp4 were identified in the genome and/or transcriptomes of two other urodeles, A. mexicanum, and C. pyrrhogaster (Fig. 6) , suggesting a possible loss of bmp4 in the urodele lineage, although further genome-based investigation is required. The bmp16 gene was thought to be confined solely to teleost fish species. 66 However, we found bmp16 in this urodele, consistent with results recently reported in coelacanths and reptiles. 67 Thus, our phylogenetic analysis suggested that urodeles and anurans have lost bmp4 and bmp16, respectively, in each lineage. In summary, most of the orthologous genes for major signalling molecules were identified in P. waltl, which therefore harbours a gene repertoire typical of vertebrates, with a few exceptions. The expression patterns of the signalling molecule-encoding genes of P. waltl in some instances differed from those of Xenopus species. Further research on these differences is expected to expand our understanding of the evolution and development of amphibians.
Hox genes and their expression dynamics during embryogenesis
In tetrapod genomes, approximately 40 hox genes are present and organized into four hox clusters. hoxd12 has not been identified in any amphibians, while the hoxc3 gene is retained. 68 No hoxc1 Figure 6 . Phylogenetic tree of bmp2/4/16 genes among vertebrates. This phylogenetic tree was reconstructed using 34 vertebrate orthologs, including 12 bmp4, 16 bmp2, and 7 bmp16 genes; 2 ascidian bmp2/4 genes were used as the outgroup. The number at each node represents the bootstrap probability.
ortholog has been identified in amphibians, with the exception of caecilians. 69 The genomes of the diploid X. tropicalis and the allotetraploid X. laevis harbour 38 and 75 functional hox genes, respectively. 70 In this study, we identified 37 hox gene orthologs in the P.
waltl transcriptome data (Fig. 7) . The expression profile of the P. waltl hox genes during embryogenesis was similar to those of axolotl and Xenopus, suggesting that the regulation of this gene family is conserved among amphibians (Fig. 7) . 68, 70 Anterior hox genes were activated starting around the time of the MBT; posterior hox genes were gradually up-regulated at the late embryonic stage, reflecting their spatio-temporal collinearity during embryogenesis. Interestingly, hoxd1 of P. waltl was found to be stored as a maternal mRNA at the oocyte and one-cell stage (Fig. 7) , whereas the orthologous genes are expressed after MBT in axolotl and Xenopus.
68,70,71
Figure 7. Expression profile of hox genes during oogenesis and embryogenesis. A total of 37 hox genes are listed from the assembly data of PLEWA04. The sample abbreviations indicated by the labels at the top of each panel are defined in Table 1 . Ovaries were sampled at three and seven months after metamorphosis (Ov3 and Ov7, respectively). Note that P. waltl hoxc1, and hoxd12 orthologs were not identified from our transcriptome data. A hoxb13 ortholog was not confidently identified; the candidate contig (M1173232_PLEWA04) showed low homology compared with other vertebrates (Supplementary Data S5 and S6). Most of the hox genes were zygotically activated; only the hoxd1 mRNA was synthesized during oogenesis and stored at the one-cell stage. RPKM values of each gene are indicated as a colour gradient on a log 2 scale, ranging from red (maximum) to white (minimum).
Newt genomic gigantism has been interpreted to suggest that the genome of a prototypical newt underwent species-specific whole genome duplication. Because hox genes are maintained as highly conserved gene clusters in vertebrate genomes, the number of hox clusters usually reflects the number of whole-genome duplications each genome experienced during evolution. 72 In our P. waltl gene repertoire, we only found one-to-one orthologs of hox genes when comparing among available amphibian genes. This result suggested that the newt genome did not undergo additional whole-genome duplication. Similarly, the recently published axolotl giant genome showed no evidence for additional whole-genome duplication; instead, the axolotl genome has a correspondingly enlarged genic component, primarily due to the presence of especially long introns. 24, 26, 73 In the salamander genome, expansion of LTR retrotransposons also contributes to genome gigantism. 74 Such mechanisms also may have contributed to newt genome gigantism and may be related to the incredible regenerative ability of this species.
Transcriptomic features of regenerating limbs
Numerous developmental pathway genes have been reported to be reactivated during limb regeneration. For example, hox13-paralogous genes are expressed in distal regions of developing and regenerating amphibian limbs. [75] [76] [77] [78] Indeed, the present work confirmed the reactivation of the hoxa/c/d13 genes in regenerating P. waltl forelimb at 19 dpa (Fig. 8A) , when the blastema is fully formed. Other transcription factor-encoding genes known to be involved in limb development and regeneration (msx1, msx2, prrx1, prrx2, tbx5, and hand2) were also drastically up-regulated at 19 dpa (Fig. 8A) , indicating that the transcriptome defined here successfully recaptured the expression pattern of limb regeneration. Consistent with the results reported for axolotl, 52 genes encoding RNA-binding proteins (rbmx, hnrnpa1, and sfrs1), matrix metalloproteinases (mmp3 and mmp11), and a novel proteinase inhibitor (kazald1) were up-regulated in regenerating limb in P. waltl at 19 dpa (Supplementary Fig. S3 ). These results suggested that these genes are commonly involved in regeneration in the two urodele amphibians. Intriguingly, WGCNA revealed a unique transcriptomic feature of regeneration (Fig. 5C ). The lightcyan module contained 274 genes that are co-regulated in regenerating limb at 19 dpa (Fig. 8B) . Notably, this module included 69 ribosomal protein-encoding genes (Fig. 8B) . These transcripts were not detected in other tissues and organs transcriptome data, suggesting that these ribosomal proteinencoding genes are likely to have limb-or regeneration-specific roles. These ribosomal proteins may contribute to organ remodelling via regeneration-specific protein synthesis. Consistent with this inference, the expression of ribosomal proteins is down-regulated in Xenopus spinal cord regeneration at the non-regenerative stage after metamorphosis. 79 The axolotl salamander is another model organism used for the study of regeneration, and the 32-Gb axolotl genome was recently reported. 26 Despite being closely related in evolutionary terms, axolotl and P. waltl exhibit distinct regenerative properties. First, axolotl is a neotenic animal, that is, one that retains aspects of the larval state even after sexual maturation, unlike P. waltl. Second, axolotl shows restricted regenerative capacity compared with newts. 24 What is the mechanism underlying the differences in metamorphosis and regenerative capacity between the two urodeles? Tanaka argued that the origin of regenerating limb muscle progenitors accompanying metamorphosis is switched when comparing axolotl and N. viridescens. 80 Comparative study of the two model urodeles should enhance our understanding of the mechanisms used during regeneration in these animals. Our P. waltl reference transcriptome, together with the recently reported P. waltl draft genome sequence, 24 is expected to facilitate genome-wide comparisons between these two model urodele amphibians.
Conclusions
In the present study, we built a reference gene catalogue of P. waltl using transcriptome data sets generated from a wide variety of samples. The reference gene set is expected to cover a large fraction of P. waltl protein-coding genes, as confirmed by BUSCO analysis, where 98% of universal single-copy orthologs were identified. The gene catalogue and the associated information will be valuable resources for any researchers studying P. waltl. To share these resources within the community, we have established a portal website, designated iNewt (http://www.nibb.ac.jp/imori/main/), from which these transcriptome data (including gene models, annotations, and expression profiles) can be obtained. The portal site also permits BLAST searches against these data sets. With these resources, P. waltl promises to serve as a good model to expand our understanding of the molecular mechanisms underlying regeneration. Given the newts' unique biological properties, we further expect that our reference gene catalogue, together with the technique of highly efficient CRISPR/Cas9 genome editing, 42 will open new avenues for the use of P. waltl in research besides the topic of regeneration, including developmental biology, stem cell biology, cancer research, reproductive biology, evolutionary biology, ethology, and toxico-genomics.
